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Abstract: 18 

Biochar is rapidly gaining worldwide interest as an agro-technology for increasing soil health 19 

and carbon storage. This study investigated the physicochemical characteristics and impact on 20 

soil microbes of biochar amendments from three feedstock sources: date palm leaves (D), 21 

mesquite plants (M) and sludge compost (S.C.); pyrolyzed at 450 ℃, 600 ℃ and 750 ℃. 22 

Scanning electron microscopy images showed an apparent pore size increase with increasing 23 

pyrolysis temperature. The increase in pyrolysis temperature decreased O-H and C-O bonds 24 

and increased the proportion of C-C bonds, as obtained from the Fourier transform infrared 25 

spectroscopy studies. Thermostability was highest at a pyrolysis temperature of 750 ℃, with 26 

distinct thermal decomposition profiles for each of the three feedstock materials used, as 27 

indicated by the dynamic thermal gravimetric analysis. The SC biochars showed the highest 28 

mineral content (45-66%) with significantly higher water-soluble and total concentrations of 29 
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mineral elements. The SC samples also showed the presence of possible soil contaminants such 30 

as Pb and As, and its use as a soil amendment is not recommended, even though the SC at 450 31 

℃ was the only nonalkaline biochar in this study. The M feedstock produced biochar with the 32 

highest surface area (600 m2 g-1) and carbon content based on loss on ignition (94.98%); 33 

nevertheless, the M biochar reduced soil microbial enumeration and respiration. This reduction 34 

increased with increasing pyrolysis temperature. Therefore, the M biochar feedstocks are not 35 

recommended for improving soil health and may be tested in the future as a microbial inhibitor 36 

for soil-borne plant pathogens. Considering the physicochemical properties and the biochar 37 

impact on soil, D at 600 ℃ was the best biochar selected for further studies as a soil amendment. 38 

The large differences in biochar physicochemical properties and their effect on soil microbes 39 

observed in this study suggest that the feedstock type and pyrolysis temperatures must be 40 

considered during biochar amendment production for improving soil health in arid-land 41 

agroecosystems. 42 

Keywords: Soil health; Biochar pyrolysis; Organic waste; Mesquite stress; Feedstock quality. 43 

 44 

1. Introduction 45 

Significant improvements in agricultural management are required to achieve more productive 46 

and sustainable agricultural systems and to develop fragile rural economies. The adoption of 47 

effective agricultural management practices with long-term impacts is essential to maintaining 48 

and improving the sustainability of agroecosystems [1]. Many soil properties (such as ion 49 

exchange, soil organic matter, and water holding capacity, among others) can be contrived to 50 

increase the sustainability of agroecosystems, soil quality, and soil fertility and enhance water 51 

use efficiency (WUE) [2]. Biochar is one of the amendments that can improve many of these 52 

soil properties [3] and enhance agricultural productivity and sustainability [4]. Biochar soil 53 

amendments increase crop yields primarily by improving fertilizer use efficiency, water 54 

holding capacity, soil structure, and plant available water [5]. Biochar usage has been 55 

recognized as a safe solution and a viable way to improve soil quality and reduce the 56 

bioavailability of heavy metal contaminants [6]. In tropical conditions, the breakdown of 57 

noncharred soil organic amendments such as compost is rapid, and biochar represents an 58 

alternative soil-stable amendment option with a long-lasting impact on soil properties [7]. The 59 

combined application of compost and biochar shows a synergistic effect on increasing soil 60 

nutrient status and water-holding capacity [8] and stabilizing soil structure [9, 10]. 61 
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Biochars are solid, carbon-rich, value-added charcoal-like amendments produced by heating 62 

biomass residues from agriculture, forestry, livestock and other carbon-rich materials under 63 

minimal oxygen supply and temperatures ranging between 300 °C and 1000 °C [5]. The biochar 64 

synthesis process consists of three stages: prepyrolysis, main-pyrolysis, and the generation of 65 

carbonaceous soil products [11]. The first stage (from room temperature to 200 °C) eliminates 66 

the moisture and light volatiles. Moisture evaporation creates hydroperoxide, –COOH, and –67 

C.O. groups [12]. The rapid devolatilization and decomposition of hemicelluloses and cellulose 68 

start in the second stage, from 200 °C to 500 °C [13]. The breakdown of lignin and other organic 69 

materials with strong chemical bonds is achieved in the final stage over 500 °C [12]. 70 

Pyrolysis, hydrothermal carbonization, gasification, flash carbonization, and torrefaction are 71 

among the common thermochemical methods used for biochar formation [14]. Pyrolysis is the 72 

most widely used process for producing and transforming biomass into biochar [15]. After 73 

pyrolysis, the feedstock condenses aromatic structures with different shapes, including 74 

turbostratic C, amorphous C and graphite C [16]. Pyrolysis duration, temperature, and 75 

feedstock type are expected to affect the composition and physicochemical properties (pH, 76 

specific surface area, pore size, cation exchange capacity (CEC), volatile matter, ash and 77 

carbon content) of biochar [15, 17]. Higher temperatures increase the specific surface area, 78 

porosity, and carbon stability; the functional groups progressively disappear, leaving a more 79 

refractory material with an aromatic polycyclic structure [18]. 80 

Biochar manufacture and application for enhancing soil fertility is an ancient technique 81 

practiced by farmers in India, Europe, China, Japan, and America [19]. The use of biochar in 82 

agriculture has captured the interest of researchers since the discovery of Terra Preta 83 

anthropogenic soil in the Amazon River Basin in Brazil [20]. The Terra Preta soil has over 84 

70% higher charcoal and organic matter content than nearby soils, rendering it highly 85 

productive for agriculture [5]. 86 

The most noteworthy potential benefits of biochar amendments are due to their recalcitrant 87 

nature, acting as long-term soil health conditioners and contributing to soil C sequestration and 88 

the reduction of greenhouse gas (GHG) emissions [1,  4, 21, 20]. Biochar has been shown to 89 

reduce the emissions of nitrous oxides and methane, making its application to agricultural lands 90 

an attractive approach for mitigating the adverse effects of agriculture on climate change [22]. 91 

Adding biochar alleviates the negative impact of salinity through its high sorption capacity, 92 

increasing plant growth and yields in saline soil conditions [23]. 93 
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The most significant factor driving the effectiveness and economic viability of a biochar 94 

production strategy is the availability of high C:N organic wastes suitable as biochar 95 

feedstocks. However, biochar products originating from different feedstocks and pyrolysis 96 

conditions differ greatly in their amendment value and soil impact. Therefore, each potential 97 

feedstock needs to be characterized under different pyrolysis conditions for optimal soil 98 

amendment use [19]. In this study, date palms (Phoenix dactylifera), mesquite trees (Prosopis 99 

juliflora) and sludge compost were chosen because of their high abundance and environmental 100 

concerns. Date palm orchards occupy 35% of Oman's total agricultural area [24] and are 101 

similarly widespread in Southwest Asia and North Africa. Date palm fields produce 102 

approximately 152,000 tons of organic waste annually in Oman (Barreveld, 1993), which is 103 

commonly burned to ash in open farms [25], creating smoke and lowering air quality. Mesquite 104 

plants are invasive species of serious ecological, economic and social concern worldwide [26, 105 

27]. Sewage sludge is an organic waste byproduct of wastewater treatment in most major cities 106 

worldwide [28] and is often composted for use in agricultural soils [29]. In Oman, sludge 107 

stabilization by composting produces an average of 118 tons of organic fertilizer per annum, 108 

with low social acceptance due to its human origin [30]. Converting these organic wastes into 109 

biochar can reduce solid waste disposal in landfills and their associated environmental 110 

problems [31]. 111 

The biochar feedstocks used in this study were selected for their high abundance and/or 112 

environmental concerns. They were a) composted sewage sludge from urban wastewater 113 

treatment plants; b) stems/wood of invasive Prosopis juliflora plants; and c) leaves of date 114 

palms (Phoenix dactylifera), a dominant crop in the Middle East and North Africa. This work 115 

aimed to evaluate the effect of increasing pyrolysis temperatures (450, 600, and 750 °C) for 116 

the three selected feedstocks on the resulting biochar physicochemical properties and soil 117 

amendment value. Our underlying hypotheses are that i) both feedstock type and pyrolysis 118 

temperature will condition short-term biochar effects on soil health, here represented by soil 119 

microbial enumeration and respiration; and ii) this biochar effect on soil health can be 120 

explained by their underlying biochar physicochemical properties, driven by feedstock type 121 

and pyrolysis temperature. 122 

  123 
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2. Materials and methods: 124 

2.1 Collection of feedstocks and biochar production 125 

Three different feedstock materials were selected in this research, and their biochar was 126 

produced under increasing temperatures by using a laboratory muffle furnace. The feedstock 127 

used in this study was sewage treatment sludge (S.C.), which was made from human waste 128 

after tertiary wastewater treatment and then stabilized by mixing with woody materials to make 129 

compost produced by the Oman Wastewater Services Company. This compost currently has 130 

low acceptance among end-users due to its human origin. Date palm leaves (D) (Phoenix 131 

dactylifera) were collected from a farm located in Al Batinah South Governorate 132 

(23°55'17.1"N 57°11'07.4"E) and are widely generated every year from annual pruning. 133 

Mesquite plant (Prosopis juliflora) steams/wood (M) were collected from a farm located in Al 134 

Batinah South Governorate (23°55'17.7"N 57°11'07.5"E), a well-known invasive plant species 135 

in several regions around the world, with severe negative environmental impacts on local fauna 136 

and flora. Table 1 shows the general properties of the selected feedstock; hemicellulose, 137 

cellulose and lignin were identified by using the Van Soest method [32]. For the organic 138 

elemental analysis, C, H, N and S were quantified by using a CHNS analyzer (model: 2400I; 139 

Mark: Perkin Elmer). 140 

The feedstocks were chopped to a size range from 0.5 cm to 1.0 cm to allow their compaction 141 

in the pyrolysis reactors. The chopped samples were washed with deionized water and oven-142 

dried at 110 °C for 24 h. The SC feedstock was homogenized and compacted into the reactor 143 

without further pretreatment. Pyrolysis was carried out in vertical, tubular, stainless steel 144 

reactors. To enable only the evolved volatiles to escape, this container has a cover with a tiny 145 

vent on the lid. The chopped feedstock was compacted in the reactor and placed in the furnace 146 

(Carbolite™ CWF1113-230SN+&02-301, Fisher Scientific, New Hampshire, US) at three 147 

different temperatures (450 ℃, 600 ℃ and 750 ℃) with a retention time of 2 hours. Once the 148 

appropriate temperature was reached, compacted raw samples in the cylinder were placed in 149 

the heated furnace. When the retention time was completed, containers were immediately 150 

removed, covered with aluminum foil to avoid further char oxidation, and allowed to cool at 151 

room temperature (~23 ℃). The mass loss between the raw oven-dried (105 ℃) biomass and 152 

the final product was used to calculate the biochar yield during the experiment, defined as the 153 

ratio of biochar mass to feedstock mass [33].154 
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 155 

Table 1. General properties of the selected feedstock used for the production of biochar (D = date palm leaves; M= mesquite plants; SC= 156 

composted sludge from water treatment plants). The contents of hemicellulose, cellulose and lignin were identified by using the Van Soest in 157 

1963 method. Means are followed by the standard deviation (±SD, n=3) 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

Feed- 

Stook 

Hemicellulose 

   (%)    ±SD 

      Cellulose 

            (%)   ±SD 

   Lignin 

    (%)   ±SD 
C% ±SD H% ±SD N% ±SD 

D 14.21 0.15 51.05 0.32 4.23 0.21 41.69 0.28 5.78 0.47 2.33 0.34 

M 11.71 0.20 53.95 0.41 13.20 0.21 44.37 0.26 6.37 0.58 1.77 0.56 

SC n.d n.d 35.42 1.60 18.66 0.73 31.64 0.89 3.79 0.27 5.05 0.63 

Feed- 

Stook 
S% ±SD LOI (%) ±SD 

        Moisture 

         (%)    ±SD pH ±SD EC ±SD   

D 0.79 0.05 94.43 0.17 3.96 0.47 6.5 0.00 3.23 0.02   

M 0.46 0.07 97.56 0.04 3.60 0.18 5.6 0.00 1.38 0.05   

SC 0.89 0.07 52.24 0.40 2.20 0.14 7.1 0.01 3.78 0.06   

n.d (not detected);  C%= carbon; H%= hydrogen; N%= nitrogen; S%= sulfur; EC (dS m-1) = Electrical conductivity; 

LOI (%) = organic matter loss on ignition. 
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2.2 Physical and chemical characterization of biochar 166 

Biochar characterization was performed as described by Singh [34] and Rajkovich [35]. The 167 

biochar pH, electrical conductivity (E.C.), and bulk density was measured using a 20:1 168 

water:biochar (mL:g) ratio, pH and E.C. of biochar was determined using a triplicate 169 

subsample. Samples were shaken for 2 hours for equilibrium before pH (Jenway, UK, 170 

Barloworld Scientific Ltd. Model: 3510) and E.C. (Thermo Scientific™, UK; model: Orion 171 

star 212) measurements were taken in the supernatant above the settled biochar. The bulk 172 

density (mass/volume) was assayed using dried biochar (at 80 °C) filled to the appropriate 173 

capacity in a 25 mL glass volumetric cylinder. The bulk density was used to calculate the total 174 

biochar porosity, and the biochar particle density was assumed to be 0.570 g cm3 for all biochar 175 

products [36]. 176 

The specific surface area (m2 g-1) was assayed by sorption ethylene monoethyl ether (EGME) 177 

according to Cerato and Lutenegger [37]. Namely, 1 g of each sample (oven-dried at 110 °C) 178 

was saturated with EGME buffer, and the excess EGME was evaporated in a vacuum 179 

desiccator. The weight of the adsorbed EGME monolayer (0.000286 g m-2) was used to 180 

calculate the specific surface area of the biochar samples. 181 

Loss on ignition (LOI) was measured for biochar samples following Koide [38] based on the 182 

relative residual mass of oven-dried samples (at 105 °C for 24 h) after burning at 550 °C for 4 183 

hours in a muffle furnace (Carbolite™ CWF1113-230SN+&02-301, Fisher Scientific, New 184 

Hampshire, US). 185 

The cation exchange capacity (CEC) for 2.5 g biochar samples was measured by saturation 186 

with sodium acetate (25 ml of 1 N NaOAc). The mixture was kept in an orbital shaker (5 187 

minutes 100 rpm) and centrifuged (5 minutes at 5000 g), and the supernatant was discarded. 188 

The saturation with sodium acetate step above was repeated. The samples were then washed 189 

with 25 mL of ethanol (5 minutes 100 rpm) and centrifuged (5 minutes 5000 g), and the 190 

supernatant was discarded. The ethanol wash step above was repeated. Then, ammonium 191 

acetate (25 mL of 1 N NH4OAC) was added, shaken (5 minutes 100 rpm), and centrifuged (5 192 

minutes 5000 g), and the supernatant was filtered and collected. The elution step was repeated, 193 

and the supernatant was determined in a flame photometer. Exchangeable sodium cations were 194 

assayed and used to calculate the CEC [39]. 195 

 196 
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2.2.1 Soluble and total elemental analysis 197 

 The total elemental content of the biochars for elements heavier than Na was quantified using 198 

X-ray fluorescence energy dispersion spectroscopy (ED-XRF, Niton XL3t GOLDD Thermo, 199 

U.K.). Containers made of polypropylene were filled with biochar samples to a height of 20 200 

mm, and the tops were sealed with a polypropylene sheet of 4 µm thickness (Premier Lab 201 

Supply model TF-240-255). Each sample was assayed over 180 seconds. Triplicate samples 202 

were examined. Water-soluble elemental composition was measured using inductively coupled 203 

plasma‒optical emission spectrometry (ICP‒OES, Model: 8000 DV). Deionized water 204 

extraction was performed using a 20:1 water:biochar (mL:g) ratio, and samples were shaken 205 

horizontally for 24 hours and then filtered for analysis. 206 

 207 

2.2.2 Biochar functional group characterization 208 

The biochar surface functional groups were assessed using Fourier transform infrared 209 

spectroscopy (FTIR) (Agilent Technologies, U.S.; model: Cary 670 series FTIR) equipped with 210 

a mercury-cadmium-telluride (MCT) detector fitted with an attenuated total reflection (ATR) 211 

accessory (Gladi ATR from Pike Technologies, WI, USA). Before analysis, biochar samples 212 

were oven-dried at 105 °C and ground. To acquire the spectra, 36 scans in wavelengths ranging 213 

from 400 to 4000 cm-1 were used. 214 

 215 

2.2.3 Biochar thermostability 216 

The thermal stability of the biochars was analyzed by thermogravimetric analysis (TGA). 217 

Namely, the mass change of raw materials and biochars as a function of temperature was 218 

evaluated using SDT Q600 TGA equipment (SDT Q600 V20.9 Build 20, Module, DSC-TGA 219 

Standard, InstSerial, 0600-0868, USA) under a nitrogen atmosphere. Approximately 10 mg of 220 

each biochar sample was weighed into an aluminum crucible and subjected to TGA analysis 221 

using a nitrogen flow of 100 mL·min−1 and a heating rate of 10 °C·min−1 from 50 °C to 600 222 

°C. 223 

 224 

2.2.4 Scanning electron imaging of biochar 225 

Scanning electron microscopy (SEM) was used to examine the porous microstructure of the 226 

biochar using a Jeol scanning electron microscope (JEOL Ltd, Japan; Model: JSM -– 5600 227 
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LV). In addition, we assessed the changes in the physical shape of the biochar surface treated 228 

at different temperatures during pyrolysis. For each sample, particles were mounted on a 10 229 

mm diameter aluminum stub stuck by a double side carbon adhesive (SPI, USA) and coated 230 

with a 25 nm thick gold layer (BioRad SEM coating system, U.K.) to enhance the conductivity 231 

of the biochar and to avoid charging artefacts when acquiring micrographs. 232 

 233 

2.2.5 Effect of biochar on soil microbial enumeration and respiration 234 

The short-term effects of biochar on the culturable heterotrophic aerobic fungi, bacteria and 235 

actinomycetes were evaluated from soil that had been incubated for one week with each of the 236 

biochar samples on agar media using the standard serial dilution plating method [40]. The 237 

sandy-loam textured soil chosen for this study was collected in the South Al Batinah region of 238 

Oman (23°35'52.7"N 58°09'50.4"E). Soil characteristics were measured and included electrical 239 

conductivity on the saturated paste extract ECe = 8.3 dS m-1, pH = 8 and 0.33% soil organic 240 

matter by the loss on ignition method. Briefly, 1.5 g of each biochar sample was mixed with 241 

30 g (5% biochar by weight) of soil and incubated for one week at room temperature. Then, 10 242 

g of the mixture was added to 90 mL of sterilized distilled water. After homogenization, the 243 

soil suspension was subjected to four sequential 10× dilutions in sterile 0.85% NaCl. Culturable 244 

fungi were assessed by pour-plating one mL of the soil suspensions on rose bengal agar. 245 

Culturable bacteria were assayed by spreading 100 μL of soil suspension on peptone yeast agar 246 

(PYA) medium, and for actinomycetes, glycerine casein agar (GCA) medium was used. The 247 

plates were incubated for 2-7 days at 36 °C. The accuracy of the microbial enumeration was 248 

increased by using three analytical replicates (3 agar plates for each dilution) for each of the 249 

three experimental sample replicates. The results were calculated from the direct count of 250 

colonies at the appropriate dilution of the original soil+biochar suspensions and expressed as 251 

colony-forming units (CFU g-1 of dry soil) 252 

To study the effect of biochar on soil microbial activities, respiration assays were performed 253 

using the same one-week soil+biochar incubations (see above) using the MicroResp™ system 254 

(The James Hutton Institute, U.K.), as described by Campbell et al. (2003). Deep-well 255 

microplates (96 wells, 1.2 ml per well) were filled with incubated soil+biochar (0.58±0.03 g). 256 

Soils were further moistened with 25 µL of either sterile deionized water or a glucose solution 257 

for assessing substrate-induced respiration. A second microplate holding a CO2 detection gel 258 

(12.5 mg kg-1 cresol red, 150 mM KCl, and 2.5 mM NaHCO3 in 1% purified agar) was 259 
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assembled on top of the soil microplate using an airtight sealing system. The system was then 260 

incubated in the dark at room temperature, and the detection plates were read after 20 hr. The 261 

absorbance of the indicator plates was measured at 570 nm using a microplate reader before 262 

and after incubation with soils. The CO2 released from soils (% CO2) was converted to 263 

respiration rate (µg CO2-C g-1 dry soil h-1) as described by Campbell [41]. 264 

 265 

2.3. Statistical analysis 266 

Data calculations, manipulation, average, standard deviation and correlation analysis were 267 

performed using Microsoft Office Excel 2016. The data were analyzed using two-way 268 

ANOVA, and significantly different means between treatments were separated with Tukey's 269 

test at the p ≤ 0.05 significance level using JMP13 [42]. 270 

 271 

3. Results 272 

3.1 Effect of feedstock and pyrolysis temperature on the physicochemical properties and 273 

composition of biochar 274 

There was a significant effect of feedstock, temperature and a statistically significant 275 

interaction of temperature and feedstock on the yield of biochar samples (ANOVA p≤0.01). 276 

The biochar yields were lowest for the M samples at 600 °C (26.7%) and highest for the S.C. 277 

samples at 450 °C (71.5%). Regardless of the feedstock type, there was a yield decline between 278 

pyrolysis temperatures of 450 and 600 °C, and no further significant yield reductions were 279 

observed between 600 and 750 °C (Tukey p≤0.05). Similar to the yields, there was a highly 280 

significant effect (ANOVA p≤0.001) of feedstock and temperature (and their interaction) on 281 

the LOI representing the organic matter/carbon content of the biochar samples. The LOI was 282 

lowest for S.C. samples at 750 °C (33.6%) and highest for M samples at 450 °C (94.5%). 283 

Curiously, the LOI showed no significant decline with increasing pyrolysis temperature for the 284 

D and M samples, i.e., for these fully organic plant materials, as all easily combustible C is 285 

ashed at all temperatures, and their biochars have similar organic/mineral contents. 286 

 287 

 288 

 289 
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 300 
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 303 

 304 

 305 

 306 

 307 

Figure 1. Physicochemical properties of biochar from different feedstocks (date palm leaves; 308 

mesquite plants; sludge compost) subjected to pyrolysis at different temperatures (450, 600 and 309 

750 °C). Means and standard deviations (±SD, n= 3) followed by the same letter within a 310 

column are not significantly different (Tukey's test P < 0.05). 311 

 312 

Biochar's physicochemical characterization (Figure 1) was remarkably different depending on 313 

the type of feedstock and pyrolysis temperatures used, with significant effects on many biochar 314 

properties. In general, S.C. samples showed the highest pH values at 750 °C (up to 11.93, 315 
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Figure 1E), yields at 450 °C (up to 71.5%, Figure 1B) and bulk density at 750 °C (up to 0.77 g 316 

cm-3, Figure 1D), while D samples showed the highest E.C. at 600 ͦC (up to 5.20 dS m-1, Table 317 

S1) and CEC values at 450 ͦC (up to 205.0 meq 100 g-1, Figure 1F). The highest values for 318 

surface area at 450 °C (up to 600 g cm-3, Figure 1C), total porosity at 600 and 750 °C (0.77 319 

cm3 cm-3, Table S1) and loss on ignition at 450 °C (94.98%, Figure 1A) were observed for the 320 

M biochar samples. The pH values for all biochar samples ranged from 6.9 to 11.9 (Figure 1E). 321 

For all the feedstocks used, the pH significantly increased (p≤0.01) with increasing pyrolysis 322 

temperature (from 450 to 750 °C). For the D and M biochar samples, the pH was increased by 323 

1 unit, while for the S.C. samples pH unit increased 2.4-2.5 units with increasing pyrolysis 324 

temperatures. Post hoc comparisons Tukey HSD showed that the only case where pyrolysis 325 

temperature showed no effect on the pH of biochar was between M 450 and M 600. The E.C. 326 

(20:1) for all biochar samples ranged from 1.04 to 5.20 dS m-1 but did not show any consistent 327 

trends related to the feedstock type or the pyrolysis temperature (Table S1). 328 

The surface area of biochar was significantly affected by the feedstock type (p≤0.01) and 329 

pyrolysis temperature (p≤0.05) (Figure 1C). However, no clear trends in the surface area 330 

response to increasing pyrolysis temperatures were observed for the different feedstocks tested. 331 

The biochar surface area ranged from 146 m2 g-1 to 600 m2 g-1 for SC 600 and M 450, respectively. 332 

The bulk density of biochar was significantly affected by feedstock type and pyrolysis 333 

temperature and had a significant interaction effect (p≤0.001). The bulk density of the biochar 334 

decreased at higher temperatures for M and increased at higher temperatures for S.C. but had 335 

no clear trend related to temperature for D. The CEC was decreased by increasing pyrolysis 336 

temperatures. 337 

The water-extractable elemental composition (Na, K, Ca, Mg, Al, Sr, B, Zn, Table S2) of 338 

biochar samples was, in general, significantly affected by the feedstock type (p≤0.01). 339 

However, the effect of pyrolysis temperature was only significant for Na, Mg, B and Zn 340 

(p≤0.01). The concentration of soluble cations showed a variable response, with no clear 341 

patterns observable for multiple elements across different feedstocks and pyrolysis 342 

temperatures. The highest K concentration was recorded for the D and M biochar samples. The 343 

Na and K concentrations were highest at 600 °C for the D and M biochar samples and for S.C. 344 

biochar samples at 450 °C. The Ca concentration increased with increasing pyrolysis 345 

temperatures for D biochar, whereas for M and S.C., the Ca concentration was lowest when 346 

produced at 750 °C. The highest concentration of Mg was observed for SC 450 and D 600. The 347 

Al concentration was very low for the D and M biochar samples (~ 0.1 mg.kg-1) and was 348 
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significantly higher for the S.C. biochar samples produced at 750 °C (3.9 mg.kg-1). The highest 349 

concentration of Sr was recorded in the D sample pyrolyzed at 600 °C (4.6 mg.kg-1), whereas 350 

B and Zn were highest for D and S.C. biochar samples pyrolyzed at 450 °C. 351 

The total elemental composition of biochar samples obtained by ED-XRF is presented in Table 352 

2 and Table S3. All detected elements of biochar samples (Ca, K, Si, P, Fe, Zn, Al, Ti, Sr, Cu, 353 

SC, Zn, Mo, Cl, Cr and Mg) were significantly affected by feedstock type (ANOVA, p≤0.01). 354 

In addition, there were significant effects of the pyrolysis temperature on the total 355 

concentrations of Si, Cl and Mg (p≤0.05). The SC biochar (and the raw feedstock) showed the 356 

highest total concentrations of most mineral elements detected by ED-XRF (Ca, P, Fe, Mg, Zn, 357 

Al, Ti, Cu, Zr, Mo). Elements of environmental concern, such as Pb, As and Cr, were only 358 

found in S.C. biochar samples at concentrations of approximately 90, 10 and 300 mg kg-1, 359 

respectively. The total K and Si concentrations were the highest in the M and D biochars, 360 

respectively. When compared with their respective raw material feedstocks, in general, biochar 361 

samples did not show significant changes in the total elemental concentration (Tukey, p≤0.05), 362 

except for SC at 600 °C or higher. 363 

 364 
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Table 2. Energy dispersion X-ray fluorescence spectroscopy (ED-XRF) elemental analysis of biochar from different feedstocks (D= date palm 365 

leaves; M= mesquite plants; SC= sludge compost) subjected to pyrolysis at different temperatures (raw= untreated feedstock; 450. 600 and 750 366 

°C). Means and standard deviations (±SD, n=3) followed by the same capital letter are not significantly different for different temperatures 367 

within the same feedstocks, and means followed by the same small letter are not significantly different for different feedstocks at the same 368 

pyrolysis temperatures (Tukey's test P < 0.05). 369 
 

Ca(%) ±SD 
 

K(%) ±SD 
 

Si(%) ±SD 
 

P(%) ±SD 
 

Fe(%) ±SD 
 

Cl (%) ±SD 
 

Mg (%) ±SD 
 

Zn(%) ±SD 
 

D raw 0.78 0.02 Cb 1.91 0.03 Ca 0.91 0.01 Db 0.17 0.00 Db 0.03 <0.01 Ac 0.77 0.01 Aa <0.01 
 

Da <0.01  Ab 

D450 1.69 0.14 Bb 1.84 0.17 Cb 2.96 0.52 Ba 0.40 0.08 Bb 0.01 <0.01 Bb <0.01 
 

Db 0.12 0.12 Cb <0.01  Ab 

D600 0.78 0.10 Cc 3.51 0.05 Ab 1.33 0.14 Ca 0.27 0.02 Cb 0.01 <0.01 Bb 0.65 0.03 Ba 0.26 0.26 Ba <0.01  Ab 

D750 2.16 0.13 Ab 2.89 0.20 Ba 5.18 0.95 Aa 0.74 0.10 Ab 0.01 <0.01 Bb 0.32 0.04 Ca 0.54 0.19 Aa <0.01  Ab 

M raw 0.80 0.05 Bb 1.89 0.05 Ca <0.01  Ac 0.14 0.01 Bb 0.11 <0.01 Ab 0.21 0.01 Bb <0.01  Ba <0.01  Ab 

M450 1.15 0.05 Ac 4.48 0.16 Ba <0.01  Ac 0.28 0.01 Ab 0.03 <0.01 Bb 0.19 0.01 Ba <0.01  Bc <0.01  Ab 

M600 1.16 0.02 Aa 4.97 0.14 Aa <0.01  Ac 0.31 0.02 Ab 0.03 <0.01 Bb 0.35 <0.01 Ab <0.01  Bc <0.01  Ab 

M750 0.46 0.14 Cc 2.04 0.37 Cb <0.01  Ac 0.10 0.04 Bc n.d. <0.01 Cb 0.08 0.03 Cc 0.08 0.08 Aa <0.01  Ab 

SC raw 4.93 0.09 Ba 1.16 0.03 Bb 2.35 0.18 Ba 1.99 0.13 Ba 1.93 0.02 Ca 0.26 0.01 Ab <0.01  Ca 0.11 0.01 Aa 

SC450 5.18 0.35 Ba 1.18 0.10 Bc 2.42 0.39 Ba 3.21 0.45 Aa 2.19 0.10 Ba 0.18 0.03 Ba 0.53 0.14 Aa 0.12 0.01 Aa 

SC600 2.69 0.19 Ca 0.42 0.05 Cc 0.83 0.12 Cb 0.94 0.08 Ca 1.16 0.07 Da 0.06 0.01 Cc 0.12 0.12 Bb 0.09 0.01 Ba 

SC750 7.20 0.12 Aa 1.49 0.02 Ac 3.32 0.08 Ab 3.07 0.07 Aa 2.53 0.04 Aa 0.22 0.01 Ab 0.39 0.39 ABa 0.16 0.01 Aa 

 370 
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3.2 Functional groups and structure of biochar through FTIR spectroscopy 371 

The FTIR spectra of biochar samples produced at three pyrolysis temperatures (450 °C, 600 372 

°C and 750 °C) and their respective original feedstock raw materials are shown in Figure 2. 373 

These spectra showed more than five absorption bands and therefore are categorized as a 374 

complex mixture of molecules. Most of the spectra showed five clear peaks in the region of 375 

400-4000 cm-1. The broad absorption peak at 3272 cm-1 in the absorption band of the 3200-376 

3600 cm-1 region, corresponding to hydroxyl group stretching [43], [44], strongly decreased 377 

with increasing pyrolysis temperature for all feedstocks. This hydroxyl peak was much more 378 

pronounced in S.C. than in the D and M biochars. The peak at 2920 cm-1 was indicative of 379 

asymmetric and symmetric C-H  stretching vibrations of methyl, methylene and methoxy 380 

groups [45], followed a similar trend as the hydroxyl peak, being more pronounced at S.C. 381 

samples and progressively decreased with increasing pyrolysis temperatures. The peaks at 1559 382 

cm-1 in the region of 1550-1610 cm-1 represent C=C stretching vibrations and are indicative of 383 

the presence of alkenes [43]; these C=C peaks were more pronounced in D and M biochar than 384 

in S.C. and tended to increase with increasing pyrolysis temperature. The well-defined broad 385 

peak in the region of 1050-850 cm-1 (peak at 1034 cm-1), corresponding to symmetric C–O 386 

stretching (1030–1110 cm-1) [43], [46], strongly decreased with increasing pyrolysis 387 

temperature for S.C. and M biochars but not for D biochars. 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 
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 398 

Figure 2. Fourier transform infrared spectra (FTIR) from different feedstocks (D= date palm 399 

leaves; M= mesh plants; SC= composted sludge from water treatment plants) subjected to 400 

pyrolysis at different temperatures (450 °C, 600 °C and 750 °C) and their respective original 401 

feedstock raw materials (raw). 402 

 403 

3.3 Thermal stability of biochar 404 

Thermal-gravimetric analysis (TGA; mass loss with increasing temperatures; Fig. 3) was used 405 

to quantify the thermal stability of different biochar samples compared to their raw feedstock 406 

materials. During the process, raw samples had more mass loss at much lower temperatures 407 

than biochar, beginning at approximately 250 °C for all raw samples, while for biochar samples, 408 

the mass loss started at 300 °C and was higher with increasing pyrolysis temperatures (Fig. 1A, 409 

1D and 1G). Additionally, SC 750 had the highest thermal stability (63%) compared to other 410 

samples, while M 450 recorded the lowest remaining mass (8%). The slope of the mass loss 411 
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curves (%/ ͦC; Fig. 3B, 3E and 3H) showed that the D and M biochar samples showed two stages 412 

of mass loss, while the S.C. samples showed three stages of mass losses. The initial mass loss 413 

(m ~10%, T~100 °C) was variable for all samples, and the loss decreased for the biochar 414 

samples with higher pyrolysis temperatures. The second stage of mass loss began from 200 °C 415 

to 350 °C for all raw feedstock samples, and it progressively increased for all biochar samples 416 

with increasing pyrolysis temperatures. In addition, the rate of weight loss of biochar samples 417 

during this assay was more pronounced in the D and M samples than in the S.C. samples. The 418 

heat flow (w g-1; Figures 3C, 3F and 3I) by differential scanning calorimetry showed how the 419 

heat capacity of samples changed during the assay; for this analysis, D and M biochar samples 420 

showed distinctively higher heat flow than S.C. samples. The heat flow increased with 421 

increasing pyrolysis temperature only for the S.C. and M biochar samples and curiously 422 

decreased for D 750 compared to D 450 and D 600. 423 

  424 
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 425 

Figure 3. Thermal gravimetric analysis of biochar and raw samples for date palm leaves (first 426 

row, A; B and C), mesquite plants (second row, D, E and F) and sludge compost (third row, G, 427 

H and I) subjected to pyrolysis at 450, 600 and 750 °C. The analysis is displayed as the residual 428 

mass in % (first column, A, D and G), weight loss derivative in %/ Cͦ (second column, B, E and 429 

F) and heat flow in w/g (third column, C, F and I). 430 

 431 
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3.4 Electron microscopy of biochar microstructure 432 

SEM micrographs of biochar samples from different feedstocks (D, M and S.C.) processed at 433 

three different temperatures (450, 600 and 750 °C) are shown in Figure 4. This analysis 434 

appeared to be heavily biased by the location where the samples were taken; therefore, it was 435 

not used as solid evidence for the conclusions drawn in this study. However, the biochar surface 436 

morphology was distinctive for the different feedstock materials. The changes appeared to be 437 

influenced by pyrolysis temperature; therefore, representative SEM micrographs are displayed 438 

to illustrate this effect. The number of micropores appeared to increased with increasing 439 

pyrolysis temperature, and the pore architecture was drastically changed. The change in the 440 

biochar pore morphology with increasing pyrolysis temperature was more apparent in D and 441 

S.C. samples than in M. 442 

 443 

 

 

 

Figure 4. Scanning electron microscopy (SEM) of date palm leave biochars (A, B and C); 444 

mesquite plant biochars (D, E and F); sludge compost biochars (G, H and I); subjected to 445 

A: Date palm 450   Cͦ C: Date palm 750   Cͦ 

D: Mesquite plants 450   Cͦ E: Mesquite plants 600   Cͦ F: Mesquite plants 750   Cͦ 

H: Sludge compost 600   Cͦ G: Sludge compost 450   Cͦ I: Sludge compost 750   Cͦ 

B: Date palm 600   Cͦ 
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pyrolysis at the temperatures of 450 °C (A, D and G); 600 °C (B, E and H) and 750 °C (C, F 446 

and I). 447 

 448 

3.5 Effect of biochar on soil microbial enumeration and respiration, soil pH and EC 449 

Soil microbial parameters were evaluated as sensitive indicators of the potential biochar impact 450 

on soil biology. The effect was measured on soils incubated for one week with 5% biochar (on 451 

a mass basis) (Table 3). The feedstock source significantly affected the enumeration of fungi 452 

(cultured in rose bengal agar), general bacteria (cultured in nutrient agar), actinomycetes 453 

bacteria (cultured in glycerol casein agar), respiration, and metabolic quotient (ANOVA, 454 

p≤0.001) but not the substrate-induced respiration. The pyrolysis temperature significantly 455 

affected the enumeration of bacteria, actinomycetes, respiration, substrate-induced respiration 456 

and metabolic quotient (ANOVA, p≤0.001) but not the enumeration of fungi. The enumeration 457 

of fungi was significantly increased for biochar from D and S.C. feedstocks, while for M 458 

biochar, only a few colonies were observed, and many rose bengal agar plates returned no 459 

fungal growth. The enumeration of culturable heterotrophic aerobic bacteria was significantly 460 

decreased in the D and M biochars and increased for the S.C. biochars. The enumeration of 461 

culturable actinomycetes significantly increased for D biochars and decreased for M biochars. 462 

Both general bacteria and actinomycetes bacteria significantly decreased with increasing 463 

pyrolysis temperatures, regardless of the feedstock type. From the D and S.C. biochar 464 

pyrolyzed at 450 °C, the abundances of culturable bacteria and actinomycetes were much 465 

higher than those in control soils and then decreased with increasing pyrolysis temperature. 466 

The soil microbial respiration rate (µg CO2-C g-1 soil h-1) and substrate-induced respiration 467 

(SIR) increased in soils amended with D and S.C. biochar pyrolyzed at 450 °C but was 468 

unaffected in soil amended with M biochars. The metabolic quotient (M.Q.; µg CO2-C 106 469 

CFU-1 soil h-1) represents a projection of the respiration rate normalized by microbial 470 

enumeration, which was significantly increased in the M 600 and M 750 samples. 471 

The pH and E.C. both were affected in incubated soil with biochar (5%). The effect was 472 

significant on feedstock type (ANOVA, p≤0.0001).E.C. was not influenced by pyrolysis 473 

temperatures; however, soil pH was significantly (p≤0.0001) increased in soils incubated with 474 

biochars that had been formed at temperatures from 450 to 750 °C. 475 

 476 
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Table 3. Changes in soil microbial parameters, pH and electrical conductivity (E.C.) after one week of incubation with 5% biochar from the different feedstock source materials 477 

(D= date palm leaves; M= mesquite plants; SC= sludge compost) subjected to pyrolysis at different temperatures (450°, 600° and 750 °C). Means and standard deviations (±SD, 478 

n=3) followed by the same capital letter are not significantly different for different temperatures within the same feedstocks, and means followed by the same small letter are 479 

not significantly different for different feedstocks at the same pyrolysis temperatures (Tukey's test P < 0.05). 480 

 481  
Fungi ±SD 

 
Bact. ±SD 

 
Act. ±SD 

 
Resp. ±SD 

 
SIR ±SD 

 
MQ ±SD 

 
pH ±SD 

 
EC ±SD 

 

Control 9.0 1.2 Ca 51.3 6.7 Aa 51.3 6.7 Ba 1.8 0.18 Ca 4.3 0.58 Ba 1.8 0.06 Ba 7.8 0.30 Ca 0.7 0.06 Ba 

D450 27.0 3.5 Aa 63.9 8.3 Ab 104.4 13.6 Ab 3.3 0.08 Ab 12.3 2.64 Aa 2.0 0.21 Bb 8.2 0.06 BCa 1.0 0.17 Aba 

D600 18.0 2.3 Ba 13.5 1.8 Bb 89.1 11.6 Aa 2.1 0.09 Ba 1.8 0.08 Bc 2.1 0.18 Bb 8.6 0.15 Aba 1.2 0.09 Aa 

D750 27.0 3.5 Aa 6.3 0.8 Ba 65.7 8.5 Ba 2.2 0.05 Ba 3.5 0.38 Ba 3.0 0.33 Ab 8.7 0.21 Aa 1.0 0.09 ABa 

Control 9.0 1.2 Aa 51.3 6.7 Aa 51.3 6.7 Aa 1.8 0.18 Aa 4.3 0.58 Aa 1.8 0.06 Ca 7.8 0.30 Ba 0.7 0.06 Aa 

M450 9.0 1.2 Ac 21.6 2.8 Bc 38.7 5.0 Bc 2.0 0.04 Ab 2.3 0.31 Bb 3.4 0.38 Ca 8.1 0.06 ABa 0.8 0.09 Aa 

M600 <9 - Bb 3.6 0.5 Cb 13.5 1.8 Cb 1.9 0.03 Aa 3.8 0.51 Aa 10.9 1.27 Ba 8.3 0.06 Aab 0.9 0.06 Aab 

M750 9.0 1.2 Ac <0.1 - Cb 3.6 0.5 Dc 2.0 0.03 Aa 3.4 0.59 ABa 54.7 6.45 Aa 8.4 0.06 Aa 0.8 0.05 Aa 

Control 9.0 1.2 Ba 51.3 6.7 Ba 51.3 6.7 Cba 1.8 0.18 Ba 4.3 0.58 Ba 1.8 0.06 Aa 7.8 0.30 BCa 0.7 0.06 Ba 

SC450 18.0 2.3 Ab 259.2 33.7 Aa 250.2 32.5 Aa 11.3 1.34 Aa 11.1 0.81 Aa 2.2 0.03 Ab 7.5 0.06 Cb 1.0 0.09 Aa 

SC600 9.0 1.2 Ba 34.2 4.4 Ca 81.0 10.5 Ba 2.2 0.06 Ba 2.6 0.26 Cb 2.0 0.20 Ab 8.1 0.12 Bb 0.8 0.07 Abb 

SC750 18.0 2.3 Ab 39.6 5.1 BCb 36.9 4.8 Cb 1.3 0.01 Bb 1.4 0.01 Cb 1.8 0.22 Ab 8.7 0.20 Aa 0.8 0.08 ABa 

Control = incubated unamended soil samples; Fungi = colony-forming units enumeration in rose bengal agar medium (x10 CFU g-1 soil); Bact = Bacteria colony-forming units enumeration in 

tryptone yeast extract agar medium (x104 CFU g-1 soil); Act. = Actinomycetes bacteria colony-forming units enumeration in glycerol casein agar medium (x104 CFU g-1 soil); Resp. = soil 

microbial respiration rate (µg CO2-C g-1 soil h-1); MQ = metabolic quotient (µg CO2-C 106 CFU-1 soil h-1); EC = electrical conductivity (dS m-1) 

 482 
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4. Discussion 483 

4.1 Effect of feedstock and pyrolysis temperature on the physicochemical properties and 484 

chemical composition of biochar 485 

The biochar pH values for all feedstocks were generally alkaline and increased with increasing 486 

pyrolysis temperature (from 450 to 750 °C), except for SC 450, which was nearly neutral. This 487 

effect has been previously reported [47], [48] and was attributed to the formation of carbonates 488 

and inorganic alkalis [13], [49]. This increase in pH was also related to changes in oxygen 489 

functional groups that occur during the pyrolysis process, with the significant removal of acidic 490 

functional groups (–COOH) and the concomitant development of basic functional groups [46], 491 

[50]. Zhang [51] reported that the separation of alkali ions from organic molecules as the 492 

pyrolysis temperature rises was the main factor responsible for increasing biochar pH values. 493 

As with our sludge compost biochars (S.C. samples), Hossain [52] showed that at low pyrolysis 494 

temperatures (300 and 400 °C), the biochar from sludge was acidic, with its pH increasing with 495 

increasing pyrolysis temperatures. This effect is attributed to the breakdown of cellulose and 496 

hemicelluloses occurring at temperatures between 200 °C and 300 °C, leading to the production 497 

of organic acids and phenolic compounds that reduce the biochar pH at low pyrolysis 498 

temperatures [53]. Alkaline ash formation was also reflected in the E.C. values, which 499 

increased with increasing pyrolysis temperatures. Our findings are in agreement with those of 500 

Pradhan [54], who showed that E.C. strongly varied in response to feedstock types and 501 

conversion temperatures. 502 

Unsurprisingly, the yield of biochar products decreased with increasing pyrolysis temperatures. 503 

The mass loss at pyrolysis temperatures up to 450 °C is attributed to the degradation of 504 

lignocellulosic materials, water vapor emission, and loss of volatile compounds [55]. Liu [56] 505 

reported that during the pyrolysis stage, volatile matter (e.g., H2O, CO2, CO, NH3, HCN, and 506 

CxHyOz) is progressively released, resulting in lower biochar production. At higher 507 

temperatures, the emissions of carbon-rich CxHyOz compounds from the biochar samples are 508 

dramatically reduced, while other carbon compounds (e.g., C.O. and CO2) are continually 509 

released. The yield reduction at higher pyrolysis temperatures can therefore be explained by 510 

the fact that most carbonization occurs during the early stages of heating [57]. The variation in 511 

the biochar yield among the selected feedstocks may be due to the dissimilarity in the amount 512 

of cellulose, hemicellulose, and lignin. Hassan [58] indicated that the yields of biochars are 513 

affected mainly by the lignin percentages of the feedstocks and the pyrolysis temperature. 514 

Lignin has a more complex structure, resulting in a long degradation process, and thus, lignin 515 
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thermal degradation occurs over a wide temperature range [59]. The lignin content our 516 

feedstock material used was 4% for D, 13% for M and 19% for SC, which may explain its 517 

higher yields. Feundries D and M showed over 50% cellulose, much higher than the 35% 518 

observed for SC. 519 

Pyrolysis temperature and feedstock sources are the major factors that determine the surface 520 

area of biochars [60]. The observed surface area increase during pyrolysis is likely due to the 521 

degradation of cellulose and hemicelluloses in the feedstocks (Table 1) as well as the creation 522 

of the channel structures observed in the SEM images [61]. Hemicellulose is broken down at 523 

temperatures ranging from 200 to 450 °C, and cellulose breakdown processes occur 524 

predominantly between 300 and 450 °C [62]. In general, a higher lignin concentration results 525 

in a higher surface area and porosity in biochar [63]. In the D samples, the surface area 526 

increased from 450 to 600 °C and then decreased at the highest pyrolysis temperature due to 527 

the formation of ash, which reduced microporous formation, lowering the surface area. This 528 

behavior is consistent with results published by Fernandes [55]. For SC biochar samples, the 529 

relatively lower surface area was not affected by pyrolysis temperature, likely due to its high 530 

mineral content. The strong reduction in surface area for M biochar samples with increasing 531 

pyrolysis temperatures may be due to the evolution of secondary reactions of primary volatiles, 532 

which, according to Lu [64], agrees with our finding that the surface area was reduced at 600 533 

°C, as well as the loss of lignin from this woody material, as shown in the general properties in 534 

Table 1. 535 

The micropore structure of the biochar samples was observed by SEM microscopy. The 536 

number of pores with various sizes and architectures developed due to dehydration and 537 

volatilization of the raw materials [13, 65, 66]. The reduction in the number of pores of D750 538 

and M750 may be due to similar phenomena observed by Ben Salem [67], which showed that 539 

when the pyrolysis temperatures exceed a particular limit, the pores expand and may merge 540 

due to the decomposition of the hemicellulose, cellulose and lignin contents (Table 1). In this 541 

situation, the walls of the pores became weaker and could easily be damaged, leading to fewer 542 

pores and a higher ash content. Fernandes [55] noticed that at high pyrolysis temperatures, the 543 

structures became thinner owing to the creation of ash content, which affected the production 544 

of microporous structures. 545 

Biochar loss-on-ignition (or organic carbon) depends on the initial mineral content of the 546 

feedstock material and the biochar yield during biochar production. Therefore, this parameter 547 
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was strongly affected by the feedstock and pyrolysis technique employed [68]. Our results 548 

showed similar organic contents for the D and M biochars at pyrolysis temperatures from 450 549 

°C to 750 °C due to the loss of moisture, carbon, and other constituents [69]. The lowest amount 550 

of organic matter detected was in the S.C. samples due to its higher mineral content [70]. 551 

The CEC represents biochar's ability to hold and store cations, one of its most beneficial 552 

properties as a soil amendment. Our results showed a consistent decrease in the CEC with 553 

increasing pyrolysis temperature for all biochar feedstocks. This reduction in CEC might be 554 

attributed to the loss of surface functional groups and the increase in carbon aromaticity [71]. 555 

Our results agree with Shaaban [72] and Guizani [73]. 556 

The water-soluble cations quantified by ICP‒OES showed that the type of biomass used for 557 

biochar has a direct effect on most detected basic cations, while the temperature of the pyrolysis 558 

effect varied for different cations and different feedstocks used. The most abundant water-559 

soluble elements detected were Na, K, Ca and Mg, which agrees with the study by Jha [74]. 560 

Saletnik [75] showed that the increase in pyrolysis temperatures and retention times 561 

had a significant influence on the concentration of the analyzed elements. The increase in 562 

pyrolysis temperature causes mineralized Ca and Mg to be released as insoluble inorganic 563 

compounds, likely via the formation of new minerals. This effect was accompanied by a pH 564 

increase, attributable to the release of basic cations [76], [77]. 565 

The studied biochar showed a rich mineralogical composition in the solid phase ED-XRF 566 

elemental analysis. Due to the loss of organic compounds (LOIs), the total Ca, K, Si, P, Fe, 567 

Mg, Zn, Al, Ti, Cu, and SC concentrations (ED-XRF) increased with increasing pyrolysis 568 

temperature compared to the raw product sample. This finding is in agreement with Waqas 569 

[78], who showed temperature thresholds for this mineralization effect. The SC biochars 570 

showed higher total concentrations of several elements, such as Al, Ti, Cu, Si, Pb, Cr, SC, Zr, 571 

and As, due to the unknown source of the sludge. Further work is needed to test the risk of 572 

using this biochar containing elements of concern, such as Pb, As, SC and Zr. 573 

4.2 Biochar chemical structure and stability 574 

The amount of carboxyl, hydroxyl, and amino groups, which are responsible for sorption 575 

processes in biochar samples, were reduced as the pyrolysis temperature increased compared 576 

to the feedstocks, as shown in Figure 4 (1a,b,c). These results are in agreement with those 577 

reported by Sizirici [79]. Numerous functional groups found in feedstocks and biochar samples, 578 

such as oxygen-containing functional groups, can influence surface reactions, such as 579 
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hydrophilicity and electrical and catalytic properties [80]. The FTIR spectra of all biochar 580 

samples indicated a reduction in the stretching of O–H and C–H and a reduction in functional 581 

groups with increasing pyrolysis temperatures. In other words, when produced at high 582 

temperatures, the resistance to degradation of the alcoholic, phenolic, and H-bonded hydroxyl 583 

groups decreased. These results agree with similar previous studies [16], [45], [81], [82], 584 

arguing that the intensity of the hemicellulose and lignin bands is considerably reduced due to 585 

the breakdown of the ester linkages of the carboxylic groups of lignin and/or hemicellulose. 586 

There were clear differences for all spectra in the intensity of the observed peaks with 587 

increasing pyrolysis temperature. The transformation was more evident in the sludge compost 588 

than in the date palm and mesquite biomasses, with the intensity of the O–H stretching of the 589 

hydroxyl groups and the C–H stretching of the aliphatic vibration groups being strongly 590 

reduced [83]. Pyrolysis at higher temperatures reduced the intensity of the bands in the 1000-591 

1200 cm-1 region, which is attributed to oxygenation group loss hemicelluloses [84]. The FTIR 592 

data indicated that higher pyrolysis temperatures decreased the content of O- functional groups 593 

and, therefore, the reactivity of biochar, increasing biochar stability [85]. 594 

The thermal oxidative stability of the biochars was evaluated by thermogravimetric analysis 595 

(TGA), further demonstrating that the temperature of pyrolysis is an important factor when 596 

considering the stability of biochars [86]. In this regard, the higher the pyrolysis temperatures 597 

are, the higher the observed thermal stability of the biochar. As expected, mass loss was higher 598 

at lower pyrolysis temperatures [50], [87]. Li and Chen [88] stated that hemicellulose and 599 

cellulose degradation occurs in the temperature range of 200–400 °C, while the weight loss at 600 

temperatures ranging from 370 °C to 550 °C can be attributed to the thermal decomposition of 601 

lignin [89]. In the present study, the weight loss of the D and M samples was higher than that 602 

of the S.C. samples due to the higher mineral content in the latter. Thus, it can be concluded 603 

that all our tested feedstocks have a similar pattern in the thermal stability of the resulting 604 

biochar [90]. Pyrolysis temperature played a significant role in the thermal oxidation of 605 

biochars, and weight loss patterns were comparable to those observed by Onorevoli [76] and 606 

Al-Wabel [50]. 607 

 608 

4.4 Effect of biochar on soil microbial enumeration and respiration 609 

Heterotrophic aerobic microbial enumeration is used here as a proxy for microbial biomass, 610 

and the respiration rate of the incubated soils represents the activity of the soil ecosystem, 611 
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which is directly related to soil organic matter breakdown. In the present study, the highest 612 

recorded abundance of soil bacteria and actinomycetes occurred with the biochars of the lowest 613 

pyrolysis temperatures (450 °C), indicating higher carbon bioavailability in these samples. The 614 

increased microbial enumeration with biochar amendment can be attributed to biochar's 615 

microbial stimulation compared to the control soil [91]. Z. Dai [92] noticed that producing 616 

biochar at low temperatures had a greater impact on increasing microbial biomass than biochar 617 

generated at high temperatures due to its higher C bioavailability, implying that biochar 618 

supplies C substrates for microbial growth and metabolism. Therefore, microbial stimulation, 619 

although positive in the short term, the results in a low half-life of biochar amendments in soils, 620 

defeating its purpose as a stable carbon substrate. 621 

However, biochar amendment causes a reduction in the abundance of soil microbes at pyrolysis 622 

temperatures of 600 °C and above, which suggests that the transformation of volatile matter 623 

during the conversion to biochar leads to the generation of biotoxic compounds, which has a 624 

negative influence on the abundance of soil microbes. Our finding is in agreement with Deenik 625 

[93], who showed that volatile chemicals produced during pyrolysis conversion can diminish 626 

microbial biomass. In terms of soil health, the biotoxicity of biochar is a negative outcome, 627 

which may decrease several microbial traits, such as functional diversity, possibly decreasing 628 

the ability of soil microbes to provide ecosystem services. In addition, biochar from different 629 

feedstocks may differentially impact soil microbes. According to Luo [94], biochar created at 630 

high temperatures (600 °C) did not affect the microbial biomass due to the stability of the 631 

biochar. 632 

In our study, the respiration rate was highest at the lowest pyrolysis temperature (450 °C), and 633 

this respiration rate was progressively reduced with increasing production temperatures. As a 634 

response parameter, respiration integrates the effect of biochar on microbial biomass and its 635 

activity. Trace amounts of water-soluble organic compounds in biochar may have priming 636 

effects in stimulating microbial activities [95]. However, for soils amended with biochar 637 

produced at 750 °C, the respiration was the lowest, especially for S.C. samples. This could be 638 

due to the concentration of heavy metals in biochar observed in the ED-XRF data, which might 639 

slow down microbial activity in the soil [96], [97]. Another possible explanation is that other 640 

parameters, such as pH, significantly changed with increasing pyrolysis temperatures and may 641 

indirectly affect microbial biomass activity. Biochar amendments are also known to affect other 642 

soil properties, with indirect impacts on soil microbes, such as structure, bulk density, porosity, 643 

water retention, infiltration rates, E.C., surface area, and the concentration of dissolved 644 
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elements in the soil solution [98], [99]. Altogether, these parameters could change the impact 645 

of biochar on soil microbes and, ultimately, on soil health. 646 

5. Conclusion 647 

Our results showed significant differences between the biochar produced from the tested 648 

feedstocks and at different pyrolysis temperatures. Our findings indicated that biochars 649 

produced from sludge compost are highly mineral (low organic content) and contain elements 650 

of concern. Therefore, they should be avoided (or used sparsely) to prevent soil contamination. 651 

Curiously, the biochars produced from the invasive Prosopis juliflora (mesquite plants) woody 652 

biomass strongly inhibited soil microbes, especially fungi. While this antimicrobial activity is 653 

unwelcome for preserving and stimulating soil health, several applications for this material can 654 

be envisioned, e.g., the inhibition of soil-borne pathogens. Based both on the biochar properties 655 

and their impact on soil microbes, pyrolysis temperatures of 450 °C appear to produce biochar 656 

with low stability, while pyrolysis temperatures of 750 °C appear to cause biotoxicity, 657 

irrespective of the feedstock type. The biochar obtained from date palm leaves at the pyrolysis 658 

temperature of 600 °C was the most promising (lower impact in soil microbes, high organic 659 

content, surface area, cation exchange capacity and thermostability) and was selected to be 660 

further tested as an amendment for agronomic soil management. Given the high variability of 661 

properties of biochar, a comprehensive understanding of biochar properties via various 662 

assessment approaches is required to establish their feasibility for specific applications. Due to 663 

the arid climate, Omani soils have low organic matter content and are often saline. The only 664 

downside of applying biochars in arid land soils is that they are alkaline and may further 665 

increase the pH values of these already alkaline soils. Further work is needed to test biochar 666 

acidification pretreatments as a means to improve their amendment value for alkaline soils of 667 

dry lands. The conversion of massive waste biomass to generate biochar via the pyrolytic 668 

process offers simultaneous potential solutions for effective waste management and soil health 669 

restoration in arid farming systems. 670 

 671 

 672 

  673 
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